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The  employment  of  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  in  hydrogen  generation  from  the  hydrolysis 
of  ammonia-borane  (H3NBH3,  AB)  under  stirred  conditions  are  reported.  Both  catalysts  are  found  to 
be  highly  active,  isolable,  and  reactivatable  in  the  hydrolysis  of  ammonia-borane  even  at  low  concen¬ 
trations  and  temperature.  The  Arrhenius  activation  energies  were  found  to  be  54.9  and  54.7  kj  mol-1 
for  the  hydrolysis  of  ammonia-borane  catalyzed  by  Pd-PVB-TiC^  and  Co-Ni-P/Pd-TiC^,  respectively. 
Maximum  hydrogen  generation  rates  in  the  hydrolysis  of  AB  catalyzed  by  the  Pd-PVB-Ti02  catalyst 
(1.5 mM)  are  1910  and  14,800 mLH2  min-1  (g Pd)-1  at  25  and  55±0.5°C,  respectively.  The  maximum 
hydrogen  generation  rates  are  1 70  and  1390  mL  H2  min-1  (g  catalyst)-1  for  the  hydrolysis  of  AB  catalyzed 
by  Co-Ni-P/Pd-Ti02  (25  mg)  at  25  °C  and  55  ±  0.5  °C,  respectively.  In  comparison  to  unstirred  conditions, 
these  results  demonstrate  that  a  significant  external  mass  transfer  resistance  caused  by  the  desorbed 
metaborate  by-products  exist  in  the  under  unstirred  conditions. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  attractive  and  alternative  options  for  producing 
clean  energy  for  transportation  and  portable  electronic  applications 
[1-3].  Recently,  proton  exchange  membrane  fuel  cells  (PEMFCs) 
using  hydrogen  as  fuel  have  been  extensively  studied  as  an  energy 
source  due  to  their  high  efficiency,  high  power  density,  and  zero 
emission  of  environmental  pollutants  [4-7].  Development  of  a  safe 
and  convenient  hydrogen  storage  and  production  system  is  essen¬ 
tial  for  the  successive  use  of  PEMFCs.  Among  the  new  hydrogen 
storage  materials  [8,9],  AB  appears  to  be  the  most  promising  solid 
hydrogen  carrier  [10-13]  owing  to  its  combined  advantages  of; 
(i)  high  hydrogen  content  (19.6wt%)  [14,15],  (ii)  high  solubility  in 
water  [10],  (iii)  high  stability  in  aqueous  solution  with  respect  to 
self-hydrolysis  [3],  and  (iv)  its  ability  to  generate  hydrogen  upon 
hydrolysis  (Eq.  (1))  at  room  temperature  in  the  presence  of  a  suit¬ 
able  catalysts  [1,3-5]. 

H3NBH3(aq)  +  2H20(l)ca^stNH4+(aq)  +  B02“(aq)  +  3H2(g)  (1 ) 
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In  order  to  employ  H2  as  a  direct  fuel  supply  for  proton 
exchange  membrane  fuel  cells,  a  suitable  catalyst  is  needed  to 
accelerate  the  hydrolysis  of  AB  [16].  Therefore,  the  development 
of  efficient,  low-cost,  and  stable  catalysts  to  further  improve  the 
hydrolysis  of  AB  under  moderate  conditions  is  important  for 
practical  applications  [17,8].  A  number  of  catalysts  have  been 
identified  to  be  effective  for  accelerating  the  hydrolysis  reaction 
of  AB,  including  various  transition  metal  salts  RuC13,  PdCl2,  and 
CoCl2  [18],  noble  metal  nanoclusters  and  non  noble  metals  sup¬ 
ported  on  7-Al203,  carbon,  and  Si02  [2,7],  solid  acid  catalysts  [3], 
I<2PtCl6  [11],  Ni^Pt*  hollow  spheres  [19],  Ru/C  [20],  colloidal 
Rh(0),  lr(0),  and  Co(0)  catalysts  [21],  Cu@Cu20  core  shell  cata¬ 
lysts  [22],  hollow  Ni-Si02  nanosphere  [23],  Pt-  and  Ni-based  alloys 
[24],  Fe(0)  nanoparticles  [25],  PVP-stabilized  nickel(O)  [26]  and 
cobalt(O)  nanoclusters  [27],  polymer-stabilized  ruthenium(O)  and 
palladium(O)  nanoclusters  [28],  magnetically  recyclable  Fe-Ni  alloy 
[17],  cobalt(O)  nanoparticles  [29],  water/air-stable  Ni  nanoparti¬ 
cles  [30],  PtxNi!_x  nanoparticles  [31],  zeolite  confined  copper(O) 
[32],  palladium(O)  [33],  cobalt(O)  [34],  and  nickel(O)  nanoclusters 
[35],  cobalt-molybdenum-boron/nickel  foam  [36],  hollow  Co-B 
nanospindles  [37],  nanoparticle-assembled  Co-B  thin  film  [38], 
bimetallic  Au-Ni  nanoparticles  embedded  in  Si02  nanospheres 
[39],  Cu/Co304  nanoparticles  [40],  electroless  Co-Ni-P/Pd-Ti02 
[41],  Pd-PVB-Ti02  [42],  Si02  supported  monodisperse  nickel 
nanoparticles  [43],  and  Co-Si02  nanosphere  [44]. 

In  the  previous  studies  [41,42],  we  reported  the  preparation, 
characterization,  and  employment  of  the  electrolessly  deposited 
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Co-Ni-P/Pd-Ti02  and  polymer  immobilized  Pd-PVB-Ti02  as  active 
and  reactivatable  catalysts  for  hydrogen  generation  from  the 
hydrolysis  of  AB  under  unstirred  conditions.  The  study  for  the 
unstirred  condition  is  most  useful  for  devices  (such  as  laptops 
and  cell  phones)  that  requires  non-bulky  hydrogen  generators. 
The  inclusion  of  a  stirring  mechanism  for  the  catalyst  in  hydro¬ 
gen  generators  will  increase  the  complexity  and  bulkiness  of  the 
design.  Herein,  we  report  the  catalytic  activity  of  Co-Ni-P/Pd-Ti02 
and  Pd-PVB-Ti02  catalysts  in  the  hydrolysis  of  AB  under  stirred 
conditions.  The  kinetics  of  the  hydrolysis  reaction  was  studied  by 
measuring  the  volume  of  generated  hydrogen  gas  varying  cata¬ 
lyst  concentration,  substrate  concentration,  and  temperature  under 
stirring.  The  results  are  compared  with  those  obtained  under 
unstirred  conditions.  Stirring  in  the  present  work  is  critical  not  only 
for  the  improvement  in  the  mass  transport  of  the  reactants  but 
for  the  role  it  plays  with  respect  to  the  catalyst  deactivation  that 
results  from  a  possible  coverage  of  the  catalyst  active  sites  (similar 
to  coking)  with  ammonium  borate  -  a  byproduct  of  the  hydrolysis 
reaction.  It  is  to  be  noted  that  stirring  does  not  change  the  mech¬ 
anism  of  the  reaction.  The  high  catalytic  activity  and  reusability  of 
the  Co-Ni-P/Pd-Ti02  and  Pd-PVB-Ti02  under  stirring  make  them 
promising  candidates  to  be  used  as  catalysts  in  developing  highly 
efficient  portable  hydrogen  generation  systems  using  AB  as  solid 
hydrogen  storage  material. 

2.  Experimental 

2.1.  Chemicals 

Palladium(II)  acetate  (98%),  ammonia-borane  complex  (97%), 
titanium  dioxide  (Degussa  P-25),  ammonium  hydroxide,  cobalt  sul¬ 
fate  heptahydrate,  nickel  sulfate  hexahydrate,  sodium  hypophos- 
phite  monohydrate,  EDTA,  gluconic  acid,  boric  acid,  sodium 
potassium  tartrate,  and  methanol  were  purchased  from  Aldrich. 
Poly  vinyl  butyral  (PVB,  butvar,  B98)  was  supplied  by  Solutia  (St. 
Louis,  MO,  USA).  All  chemicals  were  used  as  received.  Deionized 
water  was  distilled  by  water  purification  system.  All  glassware  and 
Teflon  coated  magnetic  stir  bars  were  cleaned  with  acetone,  fol¬ 
lowed  by  copious  rinsing  with  distilled  water  before  drying  in  an 
oven  at  100°C.  The  detailed  information  on  the  preparation  and 
characterization  of  the  Pd-PVB-Ti02  [42]  and  Co-Ni-P/Ti02  [41] 
catalysts  can  be  found  elsewhere. 

2.2.  Method  to  test  the  catalytic  activity  of  Pd-PVB-Ti02  or 
Co-Ni-P/Pd-Ti02  catalyst  in  the  hydrolysis  of  ammonia-borane 

The  catalytic  activity  of  the  Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02 
catalyst  in  the  hydrolysis  of  AB  was  determined  by  measuring  the 
rate  of  hydrogen  generation.  In  all  the  experiments,  the  reaction 
flask  (30  mL)  was  placed  in  a  thermostat  that  was  equipped  with  a 
water  circulating  system,  wherein  the  temperature  was  kept  con¬ 
stant  at  25  ±  0.5  °C.  Then,  a  graduated  buret  (50  mL)  filled  with 
water  was  connected  to  reaction  flask  to  measure  the  volume  of 
the  hydrogen  gas  to  be  evolved  from  the  reaction.  The  reliabil¬ 
ity  of  water-displacement  method  for  the  estimation  of  evolved 
gas  is  based  on  literature  including  the  recent  work  of  Basu  et  al. 
[20]  who  estimated  ±0.7%  experimental  error  with  the  evalua¬ 
tion  approach  for  the  moles  of  hydrogen  collected.  Next,  31.8  mg 
(1.0  mmol)  AB  was  dissolved  in  20  mL  water  (50  mM  AB,  corre¬ 
sponds  to  3mmolH2).  This  solution  was  transferred  with  a  glass 
pipette  into  the  reaction  flask  thermostated  at  25±0.5°C.  Then, 
certain  amount  of  Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02  catalyst  was 
added  into  the  reaction  flask.  The  reaction  was  started  by  closing  the 
flask  and  turning  the  magnetic  stirrer  on  at  900  rpm.  The  volume  of 
hydrogen  gas  evolved  was  measured  by  recording  the  displacement 


of  water  level  from  the  graduated  buret  as  the  reaction  progressed. 
A  detailed  sketch  of  the  experimental  set-up  used  for  perform¬ 
ing  the  catalytic  hydrolysis  of  ammonia  borane  and  measuring  the 
volume  of  hydrogen  gas  evolved  is  given  in  [41,42]. 

2.3.  Control  experiments 

2.3. 1 .  Self-hydrolysis  of  ammonia-borane 

In  order  to  determine  the  rate  of  the  self-hydrolysis  of  AB  in 
the  absence  of  catalyst,  1  mmol  (31 .8  mg)  H3NBH3  was  dissolved  in 
20  mL  water  and  the  solution  was  transferred  into  the  reaction  flask 
thermostated  at  25  ±  0.5  °C.  The  reaction  flask  was  closed  and  the 
reaction  was  started.  The  volume  of  generated  hydrogen  gas  was 
measured  exactly  in  the  same  way  as  described  in  the  Section  2.2. 
It  was  found  that  in  the  self-hydrolysis  of  AB  after  1  day,  there  is 
no  hydrogen  gas  generation.  This  result  indicates  that  AB  is  highly 
stable  toward  hydrolysis  in  aqueous  solution  as  reported  in  the 
literature  [36]. 

2.3.2.  Ti02-catalyzed  hydrolysis  of  ammonia-borane 

In  order  to  check  the  catalytic  activity  of  titanium  dioxide  in 
the  hydrolysis  of  AB  and  to  make  correction,  if  necessary,  in  the 
expression  of  the  catalytic  activity  of  the  catalysts,  the  catalytic 
activity  of  Ti02  (100  mg)  in  the  hydrolysis  of  H3NBH3  (31.8  mg  in 
20  mL)  was  performed  at  25±0.5°C  by  following  the  same  way 
described  in  the  Section  2.2.  Since  no  hydrogen  gas  evolution  was 
observed  in  the  Ti02-catalyzed  hydrolysis  of  AB  after  6h,  it  is  not 
necessary  to  make  any  correction  on  the  obtained  kinetic  data. 

2.4.  Kinetic  study  of  the  hydrolysis  of  the  ammonia-borane 
catalyzed  by  Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02  catalyst 

In  order  to  establish  the  rate  law  for  the  hydrolysis  of  AB  using 
Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02  as  catalyst,  two  different  sets  of 
experiments  were  performed  in  the  same  way  described  in  Sec¬ 
tion  2.2.  In  the  first  set  of  experiments,  the  hydrolysis  reaction 
was  carried  out  starting  with  different  initial  catalyst  concen¬ 
tration/amount  (0.5,  1.0,  1.5,  2.0,  and  2.5  mM  for  Pd-PVB-Ti02 
or  25,  50,  75,  and  100  mg  for  Co-Ni-P/Pd-Ti02)  and  keeping 
the  initial  AB  concentration  constant  (50  mM).  The  second  set  of 
experiments  was  carried  out  by  keeping  the  initial  catalyst  con¬ 
centration/amount  constant  ( 1 .5  mM  for  Pd-PVB-Ti02  or  25  mg  for 
Co-Ni-P/Pd-Ti02)  and  varying  the  AB  concentration  (50, 100,  and 
150mM).  Finally,  the  hydrolysis  of  AB  was  carried  out  by  keep¬ 
ing  the  AB  (50  mM)  and  catalyst  concentration/amount  (1 .5  mM  for 
Pd-PVB-Ti02  or  25  mg  for  Co-Ni-P/Pd-Ti02)  constant  at  tempera¬ 
tures  of  25, 35, 45,  and  55  ±  0.5  °C  in  order  to  obtain  the  activation 
energy  (Fa)  for  this  hydrolysis  reaction.  The  catalyst/ AB  mixture 
was  stirred  at  900  rpm  during  the  course  of  each  experiment. 

2.5.  Isolability  and  reusability  of  the  Pd-PVB-Ti02  and 
Co-Ni-P/Pd-Ti02  catalysts  in  the  hydrolysis  of  ammonia-borane 

After  the  first  run  of  the  hydrolysis  of  50  mM  H3NBH3  (31.8  mg 
in  20  mL),  catalyzed  by  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  cat¬ 
alyst  (1.5  mM  for  Pd-PVB-Ti02  or  25  mg  for  Co-Ni-P/Pd-Ti02) 
at  25  ±  0.5  °C,  the  catalysts  were  isolated,  washed  with  deionized 
water  and  methanol,  and  dried  in  the  oven  at  60  °C.  The  isolated 
and  dried  samples  of  the  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  cat¬ 
alyst  were  used  again  in  the  hydrolysis  of  50  mM  AB  and  the  same 
procedure  was  repeated  five  times.  The  results  were  expressed  in 
terms  of  retained  percent  catalytic  activity  of  the  Pd-PVB-Ti02  and 
Co-Ni-P/Pd-Ti02  catalyst  and  conversion  of  AB  in  the  hydrolysis 
of  AB  solution. 
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Fig.  1.  The  volume  of  hydrogen  versus  time  plots  for  the  hydrolysis  of  ammonia- 
borane  in  the  presence  of  (a)  Pd-PVB-Ti02  (2.0  mM  Pd)  and  (b)  Co-Ni-P/Pd-Ti02 
(25  mg)  catalysts  under  both  unstirred  and  stirred  conditions. 


3.  Results  and  discussion 

3.1.  Kinetic  study  of  the  hydrolysis  of  ammonia-b or ane  catalyzed 
by  Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02  catalyst 

The  kinetics  of  the  hydrolysis  of  AB  catalyzed  by  Pd-PVB-Ti02 
or  Co-Ni-P/Pd-Ti02  was  studied  by  varying  the  catalyst  concentra¬ 
tion,  substrate  concentration  and  temperature.  Before  going  into 
details  on  the  results  of  the  kinetic  studies  of  the  hydrolysis  of 
stirred  ammonia-borane  solution,  the  volumes  of  the  generated 
hydrogen  gas  under  unstirred  and  stirred  conditions  in  the  pres¬ 
ence  of  both  catalysts  are  shown  in  Fig.  1  as  a  comparison.  It  is 
apparent  from  Fig.  1  that  stirring  has  a  significant  effect  on  the  over¬ 
all  reaction  rate  and  thus  supports  the  evidence  of  an  external  mass 
transfer  resistance  for  the  catalytic  hydrolysis  of  AB.  The  choice  of 
a  stirring  rate  of  900  rpm  was  made  as  to  eliminate  the  effect  of 
mass  transfer  resistance  in  the  studies.  Further,  with  catalyst  par¬ 
ticle  size  range  of  20-30  nm,  the  internal  mass  diffusion  effects  is 
thought  to  be  eliminated  or  negligible,  hence  the  effect  of  catalyst 
particle  size  was  not  examined  since  the  objective  of  the  study  did 
not  include  the  evaluation  of  the  internal  mass  transfer  resistance. 
Thus,  the  observed  rate  difference  between  unstirred  and  stirred 
conditions  could  be  attributed  to  the  effect  of  external  mass  trans¬ 
fer  resistance  only.  It  is  to  be  noted  that  the  volumes  of  generated 
hydrogen  gas  are  almost  4  times  higher  than  those  obtained  under 
unstirred  conditions  for  both  catalysts.  A  further  appreciation  of 


Time  (s) 


Fig.  2.  Hydrogen  production  rates  ( dHv/dt )  variation  with  time  for  (a)  unstirred  and 
(b)  stirred  catalyst  conditions. 


the  effect  of  stirring  is  the  variation  of  hydrogen  production  rates 
with  time  for  both  the  unstirred  and  stirred  conditions  as  shown  in 
Fig.  2.  The  unstirred  condition  shows  a  continuous  drop  in  the  rate 
of  hydrogen  generation  throughout  the  experimental  time  period. 
This  contrasts  with  the  stirred  condition  where  the  generation  rate 
remains  almost  constant  after  the  end  of  the  induction  period. 
It  is  to  be  noted  that  the  induction  time  observed  resulted  from 
non-wetting  of  the  catalyst  particles  prior  to  the  introduction  of 
ammonia  borane  in  the  reactor.  The  observation  is  a  qualitative  evi¬ 
dence  of  the  reaction  (diffusion  controlled)  mechanism  suggesting 
that  as  the  ammonium  borate  byproduct  is  desorbed  from  the  cata¬ 
lyst  site,  its  removal  from  the  catalyst  surface  is  improved  through 
stirring  thereby  providing  constant  active  surface  for  reaction.  This 
is  unlike  the  unstirred  case  where  the  desorbed  borate  appears  to 
cover  the  active  site  -  a  deactivation  process  similar  to  coking  found 
in  catalytic  reactions  involving  hydrocarbons. 

Fig.  3  shows  the  plots  of  the  volume  of  hydrogen  generated 
versus  time  during  the  catalytic  hydrolysis  of  50  mM  AB  solution  in 
the  presence  of  Pd-PVB-Ti02  (Fig.  3a)  or  Co-Ni-P/Pd-Ti02  (Fig.  3b) 
catalyst  in  different  catalyst  concentrations/amounts  at  25  ±  0.5  °C. 
The  hydrogen  generation  rate  was  determined  from  the  linear  por¬ 
tion  of  the  plot  for  each  experiment.  The  insets  in  Fig.  3  show  the 
plots  of  the  hydrogen  generation  rate  versus  initial  catalyst  concen¬ 
tration/amount,  both  in  logarithmic  scale.  The  slope  of  1.01  ^1.00 
in  the  inset  of  Fig.  3a  and  0.99  %  1 .00  in  the  inset  of  Fig.  3b  indicates 
that  hydrolysis  of  ammonia-borane  catalyzed  by  Pd-PVB-Ti02  or 
Co-Ni-P/Pd-Ti02  is  first  order  with  respect  to  the  catalyst  concen¬ 
tration/amount.  Because  of  the  high  stirring  rate  of  900  rpm  used, 
the  results  observed  for  the  catalyst  charged  amounts  are  viewed 
as  the  relative  contributions  of  catalyst  amount  to  possible  mass 
transfer  resistance  to  the  surface  reaction  rate. 
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Fig.  3.  Stirred  condition  volume  of  hydrogen  versus  time  plots  as  a  function  of  cata¬ 
lyst  concentration/amount  for  (a)  Pd-PVB-Ti02  and  (b)  Co-Ni-P/Pd-TiCb  catalysts 
for  the  hydrolysis  of  50  mM  AB  at  25±0.5°C.  The  inset  of  each  figure  shows  the 
plot  of  hydrogen  generation  rate  versus  catalyst  concentration/amount  (both  in 
logarithmic  scale). 


Time  (s) 


The  effect  of  H3NBH3  substrate  concentration  on  the  hydrogen 
generation  rate  was  also  studied  by  carrying  out  a  series  of  experi¬ 
ments  starting  with  varying  initial  concentration  of  H3NBH3  while 
keeping  the  catalyst  concentration/amount  constant  at  1.5  mM  Pd 
or  25  mg  Co-Ni-P/Pd-Ti02.  Fig.  4  shows  the  volume  of  hydrogen 
generated  versus  time  plots  as  a  function  of  the  substrate  con¬ 
centrations  at  constant  catalyst  concentration/amount.  The  inset 
of  each  figure  shows  the  plot  of  hydrogen  generation  rate  versus 
the  concentration  of  substrate,  both  in  logarithmic  scale,  for  the 
hydrolysis  of  AB  for  each  catalyst.  The  hydrogen  generation  from 
the  catalytic  hydrolysis  of  ammonia-borane  was  found  to  be  prac¬ 
tically  independent  of  AB  concentration.  This  observation  contrasts 
with  the  kinetics  of  the  unstirred  case  where  it  was  found  that  the 
hydrogen  generation  rate  was  dependent  on  AB  concentration.  The 
first  order  kinetics  observed  in  the  unstirred  case  is  attributable 
to  the  reactant  related  diffusion  problem  over  the  catalyst  surface 
caused  by  probable  coverage  of  the  catalyst  surface  by  reaction 
by-product  (ammonia  metaborate)  that  can  be  eliminated  through 
stirring  [41].  Consequently,  the  rate  law  for  the  catalytic  hydroly¬ 
sis  of  AB  catalyzed  by  Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02  catalyst 
under  stirred  condition  can  be  given  as  in  Eq.  (2). 

-3d[NH3BH3]  d[H2]  ir  .  . 

- =  /<[  catalyst]  (2) 

Finally,  Pd-PVB-Ti02  or  Co-Ni-P/Pd-Ti02  catalyst-catalyzed 
hydrolysis  of  AB  was  carried  out  at  various  temperatures  in 


Fig.  4.  Stirred  condition  volume  of  hydrogen  versus  time  plots  as  a  function  of 
the  substrate  concentrations  at  constant  catalyst  concentration/amount  for  the 
hydrolysis  of  AB  (50mM)  catalyzed  by  (a)  Pd-PVB-Ti02  (1.5 mM  Pd)  and  (b) 
Co-Ni-P/Pd-Ti02  (25  mg)  catalysts  at  25±0.5°C.  The  inset  of  each  figure  shows 
the  plot  of  hydrogen  generation  rate  versus  the  concentration  of  the  substrate  (both 
in  logarithmic  scale). 


the  range  of  25-55  ±  0.5  °C  starting  with  a  constant  initial  con¬ 
centration  of  substrate  (50  mM  FI3NBF[3)  and  an  initial  catalyst 
concentration/amount  of  1.5  mM  Pd  or  25  mg  Co-Ni-P/Pd-Ti02. 
Maximum  hydrogen  generation  rates  in  the  hydrolysis  of  AB 
catalyzed  by  the  Pd-PVB-Ti02  catalyst  (1.5  mM)  are  1910 
and  14,800 mLH2 min-1  (gPd)-1  at  25  and  55±0.5°C,  respec¬ 
tively.  The  maximum  hydrogen  generation  rates  are  170  and 
1390  mLH2  min-1  (g  catalyst)-1  in  the  hydrolysis  of  AB  catalyzed 
by  Co-Ni-P/Pd-Ti02  (25  mg)  at  25  °C  and  55  ±  0.5  °C,  respectively. 
These  maximum  H2  generation  rates  are  almost  3  or  4  times 
higher  than  those  obtained  under  unstirred  conditions  since 
they  are  642  and  4367  mLH2  min-1  (gPd)-1  for  Pd-PVB-Ti02;  60 
and  400mLH2  min-1  (g catalyst)-1  for  Co-Ni-P/Ti02  at  25  °C  and 
55  ±  0.5  °C,  respectively.  The  values  of  rate  constant  k  at  different 
temperatures  (Table  1)  for  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02 
catalyst-catalyzed  hydrolysis  of  AB  were  measured  from  the  linear 
portions  of  the  plots  given  in  Fig.  5  and  used  for  the  calculation 
of  activation  energy  from  the  Arrhenius  plots  shown  in  Fig.  6. 
As  expected,  the  values  of  rate  constants  increased  with  the 
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Table  1 

The  values  of  rate  constants  k  for  the  catalytic  hydrolysis  of  ammonia-borane  cat¬ 
alyzed  by  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  catalysts  starting  with  a  solution  of 
50  mM  H3NBH3  and  1.5  mM  Pd-PVB-Ti02  or  25  mg  Co-Ni-P/Pd-Ti02  catalyst  at 
different  temperatures. 


Temperature  (I<) 

Rate  constant  k  for 

Pd-PVB-Ti02 

(mol  H2  (mol  Pd)-1  s-1 ) 

Rate  constant  k  for 

Co-Ni-P/Pd-Ti02 

(mL  H2  (mg  catalyst)-1  s-1 ) 

298 

0.12789 

0.00255 

308 

0.25578 

0.00510 

318 

0.51156 

0.01018 

328 

1.14583 

0.02263 

increasing  temperature.  The  Arrhenius  activation  energies 
were  found  to  be  54.9  and  54.7  kj mol-1  for  Pd-PVB-Ti02-  and 
Co-Ni-P/Pd-Ti02 -catalyzed  hydrolysis  of  ammonia-borane, 
respectively.  They  are  slightly  lower  than  those  found  for 
the  hydrolysis  of  AB  using  Pd-PVB-Ti02  (55.9  kj  mol-1)  and 
Co-Ni-P/Pd-Ti02  (54.9  kj  mol-1)  as  catalysts  under  unstirred 
conditions.  They  are  also  lower  than  the  activation  energies 
reported  in  the  literature  for  the  same  reaction  using  many 
different  catalysts:  701<jmol-1  for  bulk  nickel  [45],  57kJmol-1 
for  Nio.97Pto.03  hollow  spheres  [31],  62kJmol-1  for  Co/7-A1203 


Fig.  5.  Stirred  condition  volume  of  hydrogen  versus  time  plots  at  different  temper¬ 
atures  for  the  hydrolysis  of  AB  (50  mM)  catalyzed  by  (a)  Pd-PVB-Ti02  (1.5  mM  Pd) 
and  (b)  Co-Ni-P/Pd-Ti02  (25  mg)  catalysts  in  the  temperature  range  25-55  ±  0.5  °C. 


Fig.  6.  Stirred  condition  Arrhenius  plots  for  (a)  Pd-PVB-Ti02-  (1.5  mM  Pd)  and  (b) 
Co-Ni-P/Pd-Ti02  (25  mg)-catalyzed  hydrolysis  of  AB  (50  mM)  at  25  ±  0.5  °C. 


[2],  63kJmol-1  for  PVP-stabilized  cobalt(0)  nanoclusters  [27], 
87  kj  mol-1  for  I<2PtCl6  [11],  76kJmol-1  for  Ru/C  [20],  56kJmol-1 
for  zeolite  confined  palladium(O)  nanoclusters  [33];  but  still  higher 
than  23kJmol-1  for  Ru/7-A1203  [7],  21kJmol-1  for  Rh/7-Al203 
[7],  21  kj  mol-1  for  Pt/7-Al203  [7],  52kJmol-1  for  Ni-Ag/C  [24], 
39kJmol-1  for  Pto.65Nio.35  nanoparticles  [31],  44kJmol-1  for 
PSSA-co-MA  stabilized  Pd(0)  nanoclusters  [28],  44kJmol-1  for 
(Co-Mo-B)/Ni  foam  [35],  22kJmol-1  for  Co-P  catalyst  [46], 
52kJmol-1  for  zeolite  confined  copper(0)  nanoclusters  [32], 

24  kj  mol-1  for  nanoparticle-assembled  Co-B  [38],  and  47  kj  mol-1 
for  Co-B  nanospindles  [37]. 

3.2.  Reusability  of  the  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02 
catalysts  in  the  hydrolysis  of  ammonia-borane 

The  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  catalysts  were  also 
tested  for  their  isolability  and  reusability  in  the  hydrolysis  of 
AB.  After  the  complete  hydrolysis  of  50  mM  H3NBH3  solution 
catalyzed  by  1.5  mM  Pd  or  25  mg  Co-Ni-P/Pd-Ti02  catalyst  at 

25  ±  0.5  °C,  the  catalyst  was  isolated  as  black  powder,  washed 
with  water  and  methanol,  and  dried  in  the  oven  at  60  °C.  The 
isolated  samples  of  the  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  cat¬ 
alysts  are  redispersible  in  aqueous  solution  and  yet  active  in  the 
hydrolysis  of  AB.  Fig.  7  shows  the  conversion  of  AB,  the  percent  cat¬ 
alytic  activity  of  the  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  catalysts 
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Fig.  7.  %  catalytic  activities  retained  and  the  conversion  of  H3NBH3  versus  number 
of  subsequent  catalytic  runs  for  Pd-PVB-Ti02-  (1.5  mM  Pd)  and  Co-Ni-P/Pd-Ti02 
(25  mg)-catalyzed  hydrolysis  of  AB  (50  mM)  at  25  ±  0.5  °C. 

retained  after  successively  repeated  hydrolysis,  isolation  and  re¬ 
dispersion  cycles  at  25  ±  0.5  °C.  It  is  noteworthy  that  Pd-PVB-Ti02 
and  Co-Ni-P/Pd-Ti02  catalysts  retain  92  and  89%  of  their  initial 
activity,  respectively,  even  at  the  fifth  run  in  the  hydrolysis  of 
H3NBH3  with  a  complete  release  of  hydrogen.  The  retained  ini¬ 
tial  catalytic  activity  values  were  89  and  85%  for  the  PVB-Ti02 
and  Co-Ni-P/Pd-Ti02  catalysts,  respectively,  under  unstirred  con¬ 
ditions.  The  slight  increases  in  the  retained  catalytic  activities  are 
most  probably  due  to  the  elimination  of  mass  transfer  limitation 
caused  by  lack  of  stirring  in  the  unstirred  cases.  However,  the 
slight  decrease  in  catalytic  activities  in  subsequent  runs  may  be 
attributed  to  the  passivation  of  the  catalyst  surface  by  increas¬ 
ing  the  concentration  of  boron  products,  e.g.  metaborate,  which 
decreases  the  accessibility  of  active  sites  [21,47]  since  the  control 
test  has  shown  that  there  is  no  change  in  the  composition  of  cata¬ 
lysts.  As  a  result,  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  catalysts  are 
isolable,  redispersible  and  yet  catalytically  active  in  the  hydrolysis 
of  ammonia-borane. 

4.  Conclusions 

In  summary,  our  study  on  the  kinetics  of  the  hydrolysis  of 
ammonia-borane  using  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  cata¬ 
lysts  under  stirring  conditions  has  led  to  the  following  conclusions 
and  insights:  under  stirred  conditions,  the  catalytic  hydrolysis  of 
AB  was  found  to  be  first  order  with  respect  to  catalyst  concen¬ 
tration/amount  and  zero  order  with  respect  to  AB  concentration 
for  both  catalysts.  This  contrasts  with  the  hydrolysis  reactions  of 
ammonia-borane  in  unstirred  condition  in  the  presence  of  both 
Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  catalysts  that  were  found  to  be 
first  order  with  respect  to  AB  concentration.  The  first  order  kinetics 
dependence  on  AB  observed  under  unstirred  cases  is  attributable 
to  the  reactant  related  diffusion  problem  over  the  catalysts’  sur¬ 
face  caused  by  metaborate  by-products  that  cover  the  catalyst 
active  site.  This  is  a  deactivation  process  similar  to  coking  found 
in  catalytic  reactions  involving  hydrocarbons  and  is  eliminated  or 
reduced  through  stirring  as  demonstrated  in  the  present  work.  It 
is  found  that  both  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  are  highly 
active  and  reactivatable  catalysts  in  the  hydrolysis  of  AB  under 
stirred  conditions  even  at  low  concentrations  and  temperature. 
Moreover,  the  complete  release  of  hydrogen  is  achieved  even 
in  successive  runs  performed  by  dispersing  the  (both)  catalysts 


isolated  after  each  run.  Thus,  they  are  isolable  and  re-dispersible. 
When  re-dispersed  in  aqueous  solution  of  AB,  Pd-PVB-Ti02  and 
Co-Ni-P/Pd-Ti02  catalysts  retain  92  and  89%  (These  values  are 
slightly  greater  than  those  obtained  under  unstirred  conditions  at 
89  and  85%,  respectively,  due  to  the  elimination  of  mass  transfer 
limitation.)  of  their  initial  activity,  respectively,  even  at  the  fifth 
run  with  a  complete  release  of  hydrogen.  The  high  catalytic  activity 
and  reusability  of  the  Pd-PVB-Ti02  and  Co-Ni-P/Pd-Ti02  catalysts 
make  them  promising  candidates  to  be  used  as  catalyst  in  develop¬ 
ing  highly  efficient  portable  hydrogen  generation  systems  using 
AB  as  solid  hydrogen  storage  material.  However,  the  significant 
external  mass  transfer  resistance  observed  in  the  unstirred  con¬ 
dition  may  pose  a  possible  challenge  for  possible  application  of  the 
catalyst  in  a  system  without  a  stirring  mechanism  (e.g.  a  simple 
hand-held  device). 
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